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A process of modifiying a solid's surface, 
comprising a first step of depositing hydrogenated 
armophous silicon on the surface by thermal de- 
composition at an elevated temperature of silicon 
hydride gas to form silane radicals which recom- 
bine to coat the surface with hydrogenated armop- 
hous silicon. A second step of surface funtionaliza- 
tion of the hydrogenated armophous silicon in the 
presence of a binding agent including hydrosilyla- 
tion, disproportionation and radical quenching. 
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THE SURFACE MODIFICATION OF SOLID SUPPORTS 
THROUGH THE THERMAL DECOMPOSITION AND 
FUNCTIONALIZATION OF S1LANES 

Related Applications 

This application claims priority to Provisional Application No. 
60/122,990 entitled Surface Functional ization of Solid Supports 
Through the Thermal Decomposition and Hydrosilylation of Silanes 
filed 4/1/99 by David Abbott Smith. 

Field of the Invention 

This invention relates to a process for depositing a layer of 
hydrogenated amorphous silicon (a-SiH) to a substrate, followed by a 
reaction of an unsaturated reagent to modify the surface properties 
including, but not limited to, inactivity to acidic, basic, and neutral 
compounds, resistivity to attack from caustic environments, and 
wettability toward other compounds. Radical quenching processes may 
also be used to complete the surface modification. 



Background of Prior Art 

The current invention has been developed to overcome the 
inherent undesirable molecular activities of metal (ferrous and non- 
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ferrous), glass, and ceramic surfaces which can cause the following: (a) 
chemisorption of other molecules, (b) reversible and irreversible 
physisorption of other molecules, (c) catalytic reactivity with other 
molecules, (d) allow attack from foreign species, resulting in a 
molecular breakdown of the surface, or (e) any combination of (a)-(d). 
The prior art shows the use of silanes or silicon hydrides to modify 
surfaces. The present invention utilizes the formation of a 
hydrogenated amorphous silicon coating on a surface through the 
decomposition of silanes or silicon hydrides, followed by a secondary 
process of surface functionalization with a reagent containing at least 
one unsaturated hydrocarbon group (e.g. . -CH=CH 2 or -C=CH). 
Additional elimination of residual surface defects can be achieved 
through reagents capable of thermal disproportionation and/or radical 
quenching. 

It is known in the prior art to form a silicon hydride surface 
through a) halogenation of surface silanol moieties followed by 
reduction, and b) reacting surface silanol moieties with reagents such as 
trihydroxyhydridosilane via sol-gel type methods. This invention 
utilizes the thermal decomposition and deposition of silanes or silicon 
hydrides to impart an hydrogenated amorphous silicon layer on the 
substrate. The substrate does not require the presence of surface silanol 
moieties for the deposition to occur, thereby allowing a wide range of 
substrate types, such as metals, glasses and ceramics. 

It is known in the prior art to functionalize a silicon-hydride 
surface with unsaturated hydrocarbon reagents in the presence of a metal 
catalyst. The complete removal of this catalyst from the treated system 
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is often difficult and trace presence of the catalyst can reintroduce 
undesirable surface activity. The present invention does not employ an 
additional metal catalyst, instead, the process is driven by heat. 
Without the use of a metal catalyst, the final product is void of 
additional residual catalyst activity and does not require removal of it. 

It is known in the prior art to enhance the silicon hydride surface 
concentration by treatment of silicon metaloid with hydrofluoric acid. 
This invention utilizes the inherent formation of a silicon hydride 
surface via the thermal decomposition of silanes. Further treatment to 
enhance silicon hydride surface moieties are not necessary. 

Summary of the Invention 

The present invention provides a modifying the surface properties 
of a substrate by depositing a layer of hydrogenated amorphous silicon 
on the surface of the substrate and then functionalizing the coated 
substrate by exposing the substrate to a binding reagent having at least 
one unsaturated hydrocarbon group. Using the method of the present 
invention, surface properties such as inactivity to acidic, basic and 
neutral compounds, resistivity to attack from caustic environments, and 
wettability toward other compounds is modified. The method can be 
used on ferrous and non-ferrous metal, glass and ceramic surfaces. 

The method of modifying the surface properties of a substrate of 
the present invention comprises the steps of depositing a coating of 
hydrogenated amorphous silicon on the surface of the substrate, and then 
functionalizing the coated substrate by exposing the substrate to a 
binding reagent having at least one unsaturated hydrocarbon group 
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under elevated temperature for a predetermined length of time. The 
hydrogenated amorphous silicon coating is deposited by exposing the 
substrate to silicon hydride gas under elevated temperature for a 
predetermined length of time. The pressure, temperature and time of 
exposure to hydrogenated amorphous silicon is controlled to prevent 
formation of hydrogenated amorphous silicon dust. 

The substrate is initially cleaned by heating it at a temperature 
between about 100° and about 600° C for a time period ranging from a 
few minutes to about 15 hours before exposing the substrate to 
hydrogenated amorphous silicon. In an embodiment, the substrate is 
cleaned at about 120° C for about 1 hour. 

In a preferred embodiment, the substrate is isolated in an inert 
atmosphere before exposing the substrate to silicon hydride gas. 
The substrate is exposed to silicon hydride gas at a pressure between 
about 0.01 p.s.i.a. to about 200 p.s.i.g. and a temperature between about 
200° and 600° C for about 10 minutes to about 24 hours. More 
preferably, the substrate is exposed to silicon hydride gas at a pressure 
between about 1 .0 p.s.i.a. and about 100 p.s.i.a. and a temperature 
between about 300° and 600° C for about 30 minutes to about 6 hours. 
Better yet, the substrate is exposed to silicon hydride gas at a 
temperature between about 350° and about 400° C for about 4 hours. 
The pressure of the silicon hydride gas is preferably between about 2.3 
p.s.i.a. and about 95 p.s.i.a. 

In an embodiment of the invention, the substrate is exposed to 
silicon hydride gas at a temperature of about 400° C and pressure of 
about 2.5 p.s.i.a. In another embodiment, the substrate is exposed to 
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silicon hydride gas at a temperature of about 40° C and a pressure of 
about 44 p.s.i.g., and then the temperature is raised to about 355° C. 

The substrate is also preferably isolated in an inert atmosphere 
before functionalizing the coated substrate with a substitute unsaturated 
hydrocarbon. The substrate is functionalized at a pressure between 
about 0.01 p.s.i.a. to about 200 p.s.i.a. and a temperature between about 
200° and 500° C for about 30 minutes to about 24 hours. More 
preferably, the substrate is exposed to the binding reagent at a 
temperature less than about 100°C, and then the temperature is increased 
to between 250° and 500° C while the pressure is maintained less than 
about 100 p.s.i.a. 

The method may include the step of quenching residual silicon 
radicals in the hydrogenated amorphous silicon coating either before or 
after the hydrosilylation step. In this step, the substrate is isolated in an 
inert atmosphere before quenching the residual silicon radicals in the 
silicon coating. Preferably, the substrate is quenched exposing the 
substrate to organosi lanes, amines, or known radical scavengers under 
elevated pressure and temperature for a predetermined length of time to 
cause thermal disproportionation. The substrate is quenched at a 
temperature between about 250° and 500° C for about 30 minutes to 
about 24 hours. 

The method may also include the step of exposing the substrate to 
oxygen prior to or contemporaneous with the hydrosilylation step. In 
one embodiment, up to about 5% by weight oxygen is mixed with said 
binding reagent. In another embodiment, the substrate is exposed to 
100% oxygen or mixtures of oxygen in other gases at a temperature of 
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about 1 00° to 450° C for a few seconds to about 1 hour prior to 
hydrosilylating. More preferably, the substrate is exposed to zero air at 
about 25 p.s.i.g. and about 325° C for about 1 minute. 

Brief Description of the Drawing s 

Fig. 1 is a schematic illustration of a substrate treated in 
accordance with the present invention. 

Description of Preferred Embodiments of the Invention 

The invention disclosed herein comprises a primary treatment 
step, followed by further steps of hydrogenated amorphous silicon 
functionalization. These additional processes include the reaction types 
of hydrosilylation, disproportionation and radical quenching. 

The process of the present invention utilizes elevated 
temperatures and inert atmospheres. The substrate or surface to be 
treated must be isolated in a system which permits the flow of gases via 
pressure and vacuum, and within a heat source, such as an oven. For 
example, the surface to be treated could be within a steel vessel with 
tubing connections to allow gas flows. Depending on the cleanliness of 
the substrate, it may be cleaned initially by heating it under air 
atmosphere at a temperature between aboutl00°C and about 600°C for a 
time period ranging from a few minutes to about 1 5 hours, better yet 
about 0.5 to about 15 hours. In a preferred embodiment, the substrate is 
cleaned at about 1 20°C for about 1 hour. After this oxidation step, the 
atmosphere within the vessel is made inert by flushing the vessel with an 
inert gas and applying a vacuum. The substrate may also be cleaned 
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15 



20 



with an appropriate liquid or supercritical fluid solvent. 

After the substrate is cleaned and the vessel is evacuated, the 
substrate is exposed to silicon hydride gas (SiH 4 , Si n H 2n+2 ) under 
elevated pressure and temperature for a predetermined period of time. 
Silicon hydride gas ia introduced into the vessel at a pressure between 
about 0.01 pounds per square inch absolute (psia) and about 200 pounds 
per square inch gauge pressure (psig). The silicon gas may be 
introduced into the vessel at low pressure and an elevated temperature, 
such as 2.5 p.s.i.a. and 400°C. Alternatively, the silicon gas may be 
introduced at a moderate pressure and low temperature, such as 44 
p.s.i.g. and 40°C, and then ramped to a high temperature such as 355°C. 
In either case, the substrate should be exposed to silicon hydride gas at 
an elevated temperature from about 200° to about 600° C, better yet 
between about 300° and 600°C, and preferably from about 350° to 
400°C for an extended period of time. The exposure time of the 
substrate to silicon hydride gas may range from 10 minutes to 24 hours, 
preferably between about 30 minutes and about 6 hours, and typically 
about 4 hours. A preferred temperature is 350°C-400°C for 4 hours. 

In the presence of heat, the silicon hydride gas thermally 
dissociates to form silane radicals which recombine and bind to the 
substrate surface. The resultant coating is hydrogenated amorphous 
silicon which has Si-Si, Si-H, and Si* (radical) moieties on the surface 
and in the bulk. 

The time, pressure and temperature of the silicon hydride gas 
exposure step will vary depending on the chemical properties of the 
substrate. The time, pressure and temperature must be controlled to 
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avoid undesirable by-products of the exposure step. For example, if the 
pressure and temperature are too high, or if the substrate is exposed to 
silicon gas for too long a time period, undesirable hydrogenated 
amorphous silicon dust may form on the substrate. Minimization of dust 
formation is unique to the vessel type, substrate type and substrate 
surface area. If the pressure or temperature is too low, or if the exposure 
step is too short, no silicon coating will form, or an inhomogeneous 
coating of hydrogenated amorphous silicon will form. Optimization of 
the silane deposition process (dust minimization and uniform film 
deposition) is achieved through pressure, temperature and time 
variations for each unique process. 

After the hydrogenated amorphous silicon deposition process is 
complete, the system is purged with an inert gas to remove silane 
moieties not bound to the substrate surface. After the inert gas purge, 
the vessel is evacuated. A binding agent is then introduced into the 
vessel under elevated temperature and pressure. With heat as a driving 
force, the reagent reacts with and binds to the hydrogenated amorphous 
silicon surface via silicon hydride moieties. 

The reagent used determines the physical properties displayed by 
the newly functionalized surface. Surface properties of the substrate can 
be tailored for a wide variety of functions depending on the reagent used 
in the process. The binding reagent must have at least one unsaturated 
hydrocarbon group ( i.e. . -CH=CH 2 or -C=CH). The reagent may be 
further comprised of hydrocarbons, substituted hydrocarbons, carbonyls, 
carboxyls, esters, amines, amides, sulfonic acids, and epoxides. 

A preferred binding reagent is ethylene. The binding agent is 
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introduced into the vessel at a pressure range of about 0.01 to about 200 
p.s.i.a. The binding agent is preferably introduced into the vessel at a 
temperature less than about 100° C. For example, in one embodiment, 
the binding agent is introduced into the vessel at less than about 100° C 
and about 25 p.s.i.g. 

After the binding agent is introduced into the vessel, the 
temperature of the reagent is raised to about 200° to about 500° C, better 
yet up to about 250° to about 500° C. Preferably, the increased reaction 
pressure is less than about 200 p.s.i.a., better yet less than about 100 
p.s.i.a. For example, in one embodiment, the reaction temperature is 
about 360° C. The reaction time varies from 30 minutes to 24 hours, but 
typically lasts about 4 hours. 

The presence of oxygen mixed at low levels (0-5%) with 
ethylene, or an oxygenation step (100% oxygen or mixtures of oxygen in 
other gases) prior to hydrosilylating the substrate, has also shown to 
assist the deactivation qualities of the hydrogenated amorphous silicon 
surface. If the process employs an oxygen/ethylene gas mixture, a 
typical ratio is 2.5% zero air (a nitrogen/oxygen mix) in ethylene. If an 
oxygenation step is used prior to hydrosilylation (ethylene bonding), the 
process includes flushing the surface with oxygen/oxygen-containing 
mixtures at high temperatures, about 100 to about 450° C, for a period of 
time ranging from a few seconds to about 1 hour. A typical 
preoxygenation step involves flushing the surface with zero air at about 
25 p.s.i.g. for about 1 minute at 325°C. 

Surface defects in the hydrogenated amorphous silicon surface, 
also known as "dangling bonds 1 ' or silicon radicals, may create 
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undesirable secondary reactions between the surface and other 
compounds if left untreated. Quenching of residual radicals is achieved 
by thermal disproportionation of organosilanes ( e.g. . SiR|R 2 R 3 R 4 , 
amines NR,R 2 R 3 ) or known radical scavengers (e.g.. BHT, 
hydroquinone, reducing agents, thiols), where R M =H, alkyl, alkenyl, 
aryl, halogen, amine, organosilyl). One example is 
phenylmethylvinylsilane. This process may be employed prior to or 
subsequently after reacting the hydrogenated amorphous silicon with a 
terminally unsaturated hydrocarbon. Ranges of reaction time and 
temperature are 250°C-500°C and 30 minutes to 24 hours. 

Examples of applications for this invention are, but not limited to, 
the passivation and/or modification of solid supports, transfer lines, inlet 
systems, detector systems, columns, etc. used in chromatographic 
analyses, and the passivation and enhancement of corrosive resistivity of 
metal surfaces. 

EXAMPLES 

The following examples are provided to further illustrate the 
invention. 
Example 1 

Borosilicate inlet liners are used in gas chromatography 
instruments as the area of sample introduction and transfer on to a gas 
chromatography column. Since raw borosilicate glass has an active 
surface and is adsorptive to many compounds, it is typically deactivated 
through a silanization process. Standard silanizations give a relatively 
inert surface, but do not allow for universal inertness to acidic and basic 
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compounds carboxylic acids and amines). Some liners work well 
for acidic compounds and fewer types work well for basic compounds. 
The current invention provides a surface which will prevent the 
adsorption of acidic and basic compounds to the inlet liner surface. 

Borosilicate inlet liners are packed into a stainless steel vessel 
which is sealed and connected to inlet and outlet tubing. The tubing is 
passed through the ceiling of an oven and connected to two separate 
manifolds through which gases and vacuum can be applied to the vessel 
via valve systems. With atmospheric pressure air in the vessel, the 
vessel temperature is increased to 120°C and held for 1 hour. At the end 
of 1 hour, the vessel environment is made inert by a nitrogen purge and 
applied vacuum. The vessel is heated to 400°C. After evacuation of the 
vessel, 100% silane gas (SiH 4 ) is introduced at 2.5 psia. The 
temperature is held at 400°C for 4 hours during which a hydrogenated 
amorphous silicon layer is deposited on the borosilicate glass. The 
temperature is then decreased to 360°C followed by a nitrogen purge of 
the remaining unreacted silane gas. The vessel environment is again 
made inert by nitrogen purge and applied vacuum. After evacuation of 
the vessel at 360°C, ethylene gas is introduced at 25 psig and 360°C is 
- held for 4 hours. Ethylene then bonds via the Si-H surface moieties to 
form an Si-ethyl surface. Unreacted ethylene is then purged out with 
nitrogen and the vessel environment is made inert by nitrogen purge and 
applied vacuum. If radical quenching is necessary, 
phenylmethylvinylsilane vapor is introduced at 360°C and 16 psia, and 
that temperature is held for 4 hours. Unreacted phenylmethylvinylsilane 
is then purged out with nitrogen as the oven is cooled down to room 
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temperature. 
Example 2 

Uncoated fused silica capillary columns are used in gas 
chromatography instruments as an inert transfer line from the inlet liner 
to the coated fused silica capillary analytical column. Since raw fused 
silica glass has an active surface and is adsorptive to many compounds, 
it is typically deactivated through a silanization process. Standard 
silanizations give a relatively inert surface, but do not allow for 
universal inertness to acidic and base compounds ( e.g. . carboxylic acids 
and amines). Some deactivated fused silica coljimns work well for 
acidic compounds and fewer types work well for basic compounds. 
Also, typical deactivations are not resistive to repetitive subjection to 
caustic environments. The current invention provides a surface on a 
fused silica capillary which will prevent the adsorption of acidic and 
basic compounds, as well as resist degradation by caustic environments. 

Fused silica capillary tubing is coiled and tied in 30m lengths, 
and its end are passed through the ceiling of an oven and connected to 
two separate manifolds through which gases and vacuum can be applied 
via valve systems. The inherent internal cleanliness of fused silica 
tubing does not require an oxidative cleaning step. The inside of the 
tubing is made inert by a nitrogen purge and applied vacuum. After 
evacuation of the tubing, 100% silane gas (SiH 4 ) is introduced at 60 
psig. The temperature is ramped to 350°C and held for 4 hours during 
which a hydrogenated amorphous silicon layer is deposited on the inside 
of the capillary. The temperature is then decreased to 40°C followed by 
a nitrogen purge of the remaining unreacted silane gas. The tubing is 
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again made inert by nitrogen purge and applied vacuum. After 
evacuation of the tubing, ethylene gas is introduced and equilibrated 
throughout at 25 psig, and the temperature is ramped 360°C and held 
for 4 hours. Ethylene then bonds via the Si-H surface moieties to from 
an Si-ethyl surface. The temperature is then decreased to 40°C and 
unreacted ethylene is purged out with nitrogen. The tubing is made inert 
by nitrogen purge and applied vacuum. If radical quenching is 
necessary, phenylmethylvinylsilane vapor is introduced at 16 psia 
followed by a thermal treatment at 360°C for 4 hours. Unreacted 
phenylmethylvinylsilane is then purged out with nitrogen as the oven is 
cooled down to room temperature. 
Example 3 

It is desirable to use steel vessels to store low levels of sulfur 
compounds such as hydrogen sulfide and mercaptans. Steel is highly 
adsorptive to these compounds, and therefore is not considered an 
appropriate storage media for low parts per billion concentrations. The 
current invention provides a surface which will prevent the adsorption of 
low-level sulfur compounds to the steel vessel surface. 

Steel vessels are packed in to a large stainless steel containment 
vessel which is sealed and connected to inlet and outlet tubing. The 
tubing is passed through the ceiling of an oven and connected to two 
separate manifolds through which gases and vacuum can be applied to 
the vessel via valve systems. With atmospheric pressure air in the 
vessel, the vessel temperature is increased to I20°C and held for 1 hour. 
At the end of I hour, the vessel environment is made inert by a nitrogen 
purge and applied vacuum. The vessel is heated to 400°C. After 
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evacuation of the vessel, 100% silane gas (SiH 4 ) is introduced at 2.5 
psia. The temperature is held at 400°C for 4 hours during which a 
hydrogenated amorphous silicon layer is deposited. The temperature is 
then decreased to 360°C followed by a nitrogen purge of the remaining 
unreacted silane gas. The containment vessel environment is again 
made inert by nitrogen purge and applied vacuum. After evacuation at 
360°C, ethylene gas is introduced at 25 psig and 360°C is held for 4 
hours. Ethylene then bonds via the Si-H surface moieties to form an Si- 
ethyl surface. Unreacted ethylene is then purged out with nitrogen and 
the containment vessel environment is made inert by nitrogen purge and 
applied vacuum. If radical quenching is necessary, 
phenylmethylvinylsilane vapor is introduced at 360°C and 16 psig, and 
that temperature is held for 4 hours. Unreacted phenylmethylvinylsilane 
is then purged out with nitrogen as the oven is cooled down to room 
temperature. 
pxample 4 

Borosilicate inlet liners are used in gas chromatography 
instruments as the area of sample introduction and transfer on to a gas 
chromatography column. Since raw borosilicate glass has an active 
surface and is adsorptive to many compounds, it is typically deactivated 
through a silanization process. Standard silanizations give a relatively 
inert surface, but can cause the chemical breakdown of unstable 
compounds and do not allow for universal inertness to acidic and basic 
compounds to carboxylic acids and amines). Some liners work well 
for acidic compounds and fewer types work well for basic compounds. 
The current invention provides a surface which will prevent the 
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adsorption of acidic and basic compounds to the inle. liner surface. 

Borosilicate inlet liners are packed into a stainless steel vessel 
which is sealed and connected « inle. and outlet tubing. The tubing is 
passed through the ceiling of an oven and connected to two separate 
manifolds through which gases and vacuum can be applied to the vessel 
via valve systems. Depending on the cleanliness of the liners, an 
oxidated cleaning step can be employed. With atmospheric pressure air 
i„ ,h. vessel, the vessel temperature is increased to 120°C and held for 1 
hour. At the end of I hour, the vessel environment is made inert by a 
nitrogen purge and applied vacuum. The vessel is heated to 400°C. 
AHer evacuation of the vessel, 100% silane gas (SiH.) is introduced at 
2.5 psia. The temperature is held at 400°C for 4 hours during which a 
hvdrogenated amorphous silicon layer is deposited on the borosilicate 
giass. A nitrogen purge is introduced, followed by a temperature 
decrease to less than about 100° C. The vessel environment is again 
made inert by nitrogen purge and applied vacuum. After evacuation of 
the vessel, ethylene gas with 2.5% zero air is introduced at 8 ps.i.g. The 
temperature is then increased to almost 355" C and is held for about 4 
hours. Ethylene then bonds via the Si-H surface moieties to form an Si- 
ethyl surface. After cooling, umeacted ethylene is then purged out with 
nitrogen and the vessel environment is made inert by nitrogen purge and 
applied vacuum, if radical quenching is necessary, 
phenylmethylvinylsilane vapor is introduced a. 360"C and .6 psia, and 
that temperature is held for 4 hours. Unrated phenylmethylvinylsilane 
is men purged out with nitrogen as the oven is cooled down to room 
temperature. 
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Rxampic 5 

Uncoated fused silica capillary columns are used in gas 
chromatography instruments as an inert transfer line from the inlet liner 
to the coated fused silica capillary analytical column. Since raw fused - 
silica glass has an active surface.and is adsorptive to many compounds, 
it is typically deactivated through a silanization process. Standard 
silanizations give a relatively inert surface, but can still cause the 
chemical breakdown of certain active components, and do not allow for 
universal inertness to acidic and base compounds (a*, carboxylic acids 
and amines). Deactivated fused silica columns do not always have a 
desired level of inertness, and although some deactivated fused silica 
columns work well for acidic compounds, few types work well for basic 
compounds. Also, typical deactivations are not resistive to repetitive 
subjection to caustic environments. The current invention provides a 
surface on a fused silica capillary which will prevent the adsorption of 
acidic and basic compounds, as well as resist degradation by caustic 
environments. 

Fused silica capillary tubing is coiled and tied in 120m lengths, 
and its end are passed through the ceiling of an oven and connected to 
two separate manifolds through which gases and vacuum can be applied 
via valve systems. The inherent internal cleanliness of fused silica 
tubing does not require an oxidative cleaning step. The inside of the 
tubing is made inert by a nitrogen purge and applied vacuum. After 
evacuation of the tubing, 100% silane gas (SiH 4 ) is introduced at 60 
, psig. The temperature is ramped to about 350°C and held for 4 hours 

during which a hydrogenated amorphous silicon layer is deposited on 
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ft. inside of .he capillary. The remaining silane gas is purged ou. with 
nitrogen followed by decreasing the oven temperature .o less than abou. 
,00° C. The tubing ia again made inert by nitrogen purge and applied 
vacuum. After evacuation of the tubing, a mixture of 2.5% air in 
ethylene gas is introduced and equilibrated Ihroughout a. 30 p.s.i.g., and 
the temperature is tamped to about 355° C and held for abou. 4 hour,. 
Ethylene then bonds via .he Si-H surface moiedes .0 form an Si-ethyl 
surface. The temperature is then decreased to less than abou. 100" C 
and unreacted ethylene is purged ou. with nitrogen. The tubing is made 
inert by nitrogen purge and applied vacuum. If radical quenching is 
necessary, phenylmethylvinylsilane vapor is introduced a. 16 p.s.i.a. 
followed by a themtal treatment a. 360°C for 4 hours. Unreacted 
phenylmethylvinylsilane is then purged out with nitrogen as the oven is 
cooled down to room temperature. 

15 Exam ple 6 

It is desirable to use steel vessels to store low levels of sulfur 
compounds such as hydrogen sulftd. and mercaptans. Steel is highly 
adsorptive to these compounds, and therefore is not considered an 
appropriate storage media for low parts per billion concentrations. The 
current invention provides a surface which will prevent the adsorption of 
low-level sulfur compounds to the steel vessel surface. 

Steel vessels are packed into a large stainless steel containment 
vessel which is sealed and connected to inlet and outlet tubing. The 
tubing is passed through the ceiling of an oven and connected to two 
separate manifolds through which gases and vacuum can be applied to 
the vessel via valve systems. If an oxidative cleaning step is required, 
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the vessel temperature is increased to 120°C with atmospheric pressure 
air in the vessel and held for 1 hour. At the end of 1 hour, the vessel 
environment is made inert by a nitrogen purge and applied vacuum. The 
vessel is heated to 400°C. After evacuation of the vessel, 100% silane. 
gas (SiH 4 ) is introduced at 2.5 p.s.i.a. The temperature is held at 400°C 
for 4 hours during which a hydrogenated amorphous silicon layer is 
deposited. Remaining silane gas is purged out with nitrogen followed 
by a reduction in temperature to less than about 100° C. The 
containment vessel environment is again made inert by nitrogen purge 
and applied vacuum. After evacuation at less than about 100° C, 
ethylene gas is introduced at 25 p.s.i.g. and the temperature is ramped to 
about 360°C is held for 4 hours. Ethylene then bonds via the Si-H 
surface moieties to form an Si-ethyl surface. After cooling to less than 
about 100° C, unreacted ethylene is then purged out with nitrogen and 
the containment vessel environment is made inert by nitrogen purge and 
applied vacuum. If radical quenching is necessary, 
phenylmethylvinylsilane vapor is introduced at 360°C and 16 psig, and 
that temperature is held for about 4 hours. Unreacted 
phenylmethylvinylsilane is then purged out with nitrogen as the oven is 
cooled down to room temperature. 
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TI.AIMS 

Method of modifying the surface properties of a substrate, 

comprising the steps of: 

a) depositing a coating of hydrogenated amorphous silicon on the 

surface of the substrate; 

b) functioning the coated substrate by exposing the substrate 
,„ a binding reagent having a. leas, one unsaturated hydrocarbon group 
a, a predetermined pressure and elevated temperature for a 
predetermined length of time. 

2. The method recited in claim I, wherein said hydrogenated 
amorphous silicon coating is deposited by exposing the substrate to 
silicon hydride gas a. a predetenuined pressure and elevated temperature 
for a predetermined length of time. 

3. The method recited in claim 2, including the step of isolating 
ft. substrate in an inert atmosphere before exposing the substrate to 
silicon hydride gas. 



4. The method recited in claim 1, including the step of isolating 
,he substrate in an inert atmosphere before functioning the coated 
substrate through hydrosilylation. 



5. The method recited in claim I, including the step of 
quenching residual silicon radicals in the hydrogenated amorphous 
si ,icon coating either before or after functioning the coated surface. 
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« The method recited in claim 5. including .he step of isolating 
lhe substrate in an inert atmosphere before quenching the residua, silicon 
radicals in the silicon coating. 

7. The method recited inclaim 6, said quenching step comprising 
exposing the substrate to organosi.anes, amines, or known radical 
scavenge* under e.eva.ed pressure and temperature for a predetenntned 
length of time to cause thermal disproportionate. 

8 The method recited in claim 7, including quenching the 
substrate a, a temperature between about 250" and 500" C for about 30 
minutes to about 24 hours. 

9 The method recited in claim 1, including the step of exposing 
,be substrate to oxygen prior to or contemporeneous with functioning 
the substrate. 

10. The method recited in claim 1, including the step of 
controlling the pressure, temperature and time of step (a) to prevent 
formation of hydrogenated amorphous silicon dust. 

1 1 The method recited in claim 1, including cleaning the 
substtate by heating it a, a temperature between about .00' and about 
„00- C for a time period ranging from a few minutes to about I S hours 
before step (a). 
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,2. The method reeited in claim 1 1 , including cleaning the 
substrate at about 120° C for about 1 hour. 

13. The method recited in claim 1, including exposing the 
.ubatrete to silicon hydride gas at a pressure between about 0.01 p.,U. 
t0 about 200 p.s.i.g. and a temperature between about 200° and 600° C 
for about 10 minutes to about 24 hours. 

14. The method recited in claim 1, including exposing the 
substrate to silicon hydride gas at a pressure between about 1 .0 p.s.i.a. 
and about 100 p.s.i.a. and a temperature between about 300° and 600° C 
for about 30 minutes to about 6 hours. 

15. The method recited in claim I, including exposing the 
substrate to silicon hydride gas at a temperature between about 350" and 
about 400° C for about 4 hours at a pressure between about 2.3 p.s.U. 
and about 95 p.s.i.a. 

16. The method recited in claim 1, including exposing the 
substrate to silicon hydride gas at a temperature of about 400° C and 
pressure of about 2.5 p.s.i.a. 

17. The method recited in claim 1, including exposing the 
substrate to silicon hydride gas at a temperature of about 40° C and a 



pressure 
about 355° C 



of about 44 p.s.i.g., and then increasing the temperature to 
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18. The method recited in claim ..including hydrosilylaung the 
substrate at a pressure between about 0.0. p*U to about 200 p.s.U. 
a „d a temperature between about 200= and 500° C for about 30 minutes 
to about 24 hours. 

19. The method recited in claim 18, including initially exposing 
the substrate to the binding reagent at a temperature less than about 
100-C, and then increasing the temperature between 250° and 500° C 
and maintaining the pressure less than about 100 p.s.i.a. 

20. The method recited in claim 9, including mixing up to about 
5% by weight oxygen with said binding reagent. 

2 1 . The method recited in claim 9, including exposing the 
substrate to 100% oxygen or mixtures of oxygen in other gases the 
substrate at a temperature of about 100- to 450° C for a few seconds to 
about 1 hour prior to hydrosilylating. 

22. The method recited in claim 21, including exposing the 
substrate to zero air at about 25 p.s.i.g. and about 325° C for about 1 
minute. 



23. 
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Method of modifying the surface properties of a substrate, 

comprising the steps of: 

a) depositing a coating of hydrogenated amorphous silicon on the 
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surface of the substrate; 

b) functionalizing the coated subtle by exposing the substrate 
to a binding reagent having a. leas, one unsaturated hydrocarbon group 
under a predetermined pressure and elevated temperature for a 
predetermined length of time 

wherein said hydrogenated amorphous silicon coating is 
deposited by exposing the substrate to silicon hydride gas under a 
predetermined pressure and elevated temperature for a predetermtned 
length of time; 

including the step of isolating the substrate in an inert atmosphere 
before exposing the substrate to silicon hydride gas; 

including the step of isolating the substtate in an inert atmosphere 
before functionalizing the coated substrate tough hydrosilylation; 

including the step of quenching residual silicon radicals in the 
hydrogenated amorphous silicon coating either before or after 
functionalizing the coated surface through hydrosilylation; 

including the step of isolating the substrate in an inert atmosphere 
before quenching the residual silicon radicals in the silicon coating; 

S aid quenching step comprising exposing the substrate ,o 
organosilanes, amines, or known radical scavengers under elevated 
pressure and temperature for a predetermined length of time to cause 
thermal disproportionation; 

including quenching the substrate at a temperature between about 
250° and 500° C for about 30 minutes to about 24 hours; 

including the step of exposing the substrate to oxygen prior to or 
contemporaneous with the functionalizing the substrate; 
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including the step of controlling the pressure, temperature and 
time of step (a) to prevent formation of hydrogenated amorphous silicon 

dust; 

including cleaning the substrate by heating it at a temperature 
between about 100° and about 600° C for a time period ranging from a 
few minutes to about 15 hours before step (a); 

including cleaning the substrate at about 120° C for about 1 hour; 

including exposing the substrate to silicon hydride gas at a 
pressure between about 0.01 p.s.i.a. to about 200 p.s.i.g. and a 
temperature between about 200° and 600° C for about 10 minutes to 

about 24 hours; 

including exposing the substrate to silicon hydride gas at a 
pressure between about 1.0 p.s.i.a. and about 100 p.s.i.a. and a 
temperature between about 300° and 600° C for about 30 minutes to 
about 6 hours; 

including exposing the substrate to silicon hydride gas at a 
temperature between about 350° and about 400° C for about 4 hours and 
a pressure between about 2.3 p.s.i.a. and 95 p.s.i.a.; 

including exposing the substrate to silicon hydride gas at a 
temperature of about 400° C and pressure of about 2.5 p.s.i.a.; 

including exposing the substrate to silicon hydride gas at a 
temperature of about 40° C and a pressure of about 44 p.s.i.g., and then 
increasing the temperature to about 355° C; 

including functionalizing the substrate at a pressure between 
about 0.01 p.s.i.a. to about 200 p.s.i.a. and a temperature between about 
200° and 500° C for about 30 minutes to about 24 hours; 
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including initially exposing the substrate to the binding reagent at 
a temperature less than about 100°C, and then increasing the 
temperature between 250° and 500° C and maintaining the pressure less 
than about 100 p.s.i.a.; 

including mixing up to about 5% by weight oxygen with said 
binding reagent; 

including exposing the substrate to 100% oxygen or mixtures of 
oxygen in other gases the substrate at a temperature of about 100° to 
450° C for a few seconds to about 1 hour prior to hydrosilylation; and, 

including exposing the substrate to zero air at about 25 p.s.i.g. 
and about 325° C for about 1 minute. 

24. A substrate having modified surface properties, said substrate 
having a first layer of hydrogenated amorphous silicon, and a second 
layer of organic groups covalently bonded by the hydrosilylation of an 
unsaturated moiety within said organic group. 

25. The substrate recited in claim 24, said first layer having been 
formed by depositing a coating of hydrogenated amorphous silicon on 
the surface of the substrate, and said second layer having been formed 
by functionalizing the coated substrate by exposing the substrate to a 
binding reagent having at least one unsaturated hydrocarbon group at a 
predetermined pressure and elevated temperature for a predetermined 
length of time. 



26. The substrate recited in claim I , said hydrogenated 
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amorphous silicon coating having been deposited by exposing the 
substrate to silicon hydride gas at a predetermined pressure and elevated 
temperature for a predetermined length of time. 
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w Plated Ap plications 

This application claims priority to Provisional Application No. 
60/122,990 entitled Surface Functionalization of Solid Supports 
Through the Thermal Decomposition and Hydrosilylation of Silanes 
filed 4/1/99 by David Abbott Smith. 

Field of the Invention 

This invention relates to a process for depositing a layer of 
hydrogenated amorphous silicon (a-SiH) to a substrate, followed by a 
reaction of an unsaturated reagent to modify the surface properties 
including, but not limited to, inactivity to acidic, basic, and neutral 
compounds, resistivity to attack from caustic environments, and 
wettability toward other compounds. Radical quenching processes may 
also be used to complete the surface modification. 

Background of Prior Art 



The current invention has been developed to overcome the 
inherent undesirable molecular activities of metal (ferrous and non- 
ferrous), glass, and ceramic surfaces which can cause the following: (a) 
chemisorption of other molecules, (b) reversible and irreversible 
physisorption of other molecules, (c) catalytic reactivity with other 
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molecules, (d) allow attack from foreign species, resulting in a 
molecular breakdown of the surface, or (e) any combination of (a)-(d). 
The prior art shows the use of silanes or silicon hydrides to modify 
surfaces. The present invention utilizes the formation of a 
hydrogenated amorphous silicon coating on a surface through the 
decomposition of silanes or silicon hydrides, followedby a secondary 
process of surface functionalization with a reagent containing at least 

one unsaturated hydrocarbon group -CH=CH 2 or -C=CH). 

Additional elimination of residual surface defects can be achieved 

through reagents capable of thermal disproportionation and/or radical 

quenching. 

It is known in the prior art to form a silicon hydride surface 
through a) halogenation of surface silanol moieties followed by 
reduction, and b) reacting surface silanol moieties with reagents such as 
trihydroxyhydridosilane via sol-gel type methods. This invention 
utilizes the thermal decomposition and deposition of silanes or silicon 
hydrides to impart an hydrogenated amorphous silicon layer on the 
substrate. The substrate does not require the presence of surface silanol 
moieties for the deposition to occur, thereby allowing a wide range of 
substrate types, such as metals, glasses and ceramics. 

It is known in the prior art to functionalize a silicon-hydride 
surface with unsaturated hydrocarbon reagents in the presence of a metal 
catalyst. The complete removal of this catalyst from the treated system 
is often difficult and trace presence of the catalyst can reintroduce 
undesirable surface activity. The present invention does not employ an 
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additional metal catalyst. Instead, the process is driven by heat. 
Without the use of a metal catalyst, the final product is void of 
additional residual catalyst activity and does not require removal of it. 

It is known in the prior art to enhance the silicon hydride surface 
concentration by treatment of silicon metaloid with hydrofluoric acid. 
This invention utilizes the inherent formation of a silicon hydride 
surface via the thermal decomposition of silanes. Further treatment to 
enhance silicon hydride surface moieties are not necessary. 

Summary of the Invention 

The present invention provides a modifying the surface properties 
of a substrate by depositing a layer of hydrogenated amorphous silicon 
on the surface of the substrate and then functionalizing the coated 
substrate by exposing the substrate to a binding reagent having at least 
one unsaturated hydrocarbon group. Using the method of the present 
invention, surface properties such as inactivity to acidic, basic and 
neutral compounds, resistivity to attack from caustic environments, and 
wettability toward other compounds is modified. The method can be 
used on ferrous and non-ferrous metal, glass and ceramic surfaces. 

The method of modifying the surface properties of a substrate of 
the present invention comprises the steps of depositing a coating of 
hydrogenated amorphous silicon on the surface of the substrate, and then 
functionalizing the coated substrate by exposing the substrate to a 
binding reagent having at least one unsaturated hydrocarbon group 
under elevated temperature for a predetermined length of time. The 
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hydrogenated amorphous silicon coating is deposited by exposing the 
substrate to silicon hydride gas under elevated temperature for a 
predetermined length of time. The pressure, temperature and time of 
exposure to hydrogenated amorphous silicon is controlled to prevent 
formation of hydrogenated amorphous silicon dust. 

The substrate is initially cleaned by heating it at a temperature 
between about 100° and about 600° C for a time period ranging from a 
few minutes to about 15 hours before exposing the substrate to 
hydrogenated amorphous silicon. In an embodiment, the substrate is 
cleaned at about 120° C for about 1 hour. 

In a preferred embodiment, the substrate is isolated in an inert 
atmosphere before exposing the substrate to silicon hydride gas. 
The substrate is exposed to silicon hydride gas at a pressure between 
about 0.01 p.s.i.a. to about 200 p.s.i.g. and a temperature between about 
200° and 600° C for about 10 minutes to about 24 hours. More 
preferably, the substrate is exposed to silicon hydride gas at a pressure 
between about 1.0 p.s.i.a. and about 100 p.s.i.a. and a temperature 
between about 300° and 600° C for about 30 minutes to about 6 hours. 
Better yet, the substrate is exposed to silicon hydride gas at a 
temperature between about 350° and about 400° C for about 4 hours. 
The pressure of the silicon hydride gas is preferably between about 2.3 
p.s.i.a. and about 95 p.s.i.a. 

In an embodiment of the invention, the substrate is exposed to 
silicon hydride gas at a temperature of about 400° C and pressure of 
about 2.5 p.s.i.a. In another embodiment, the substrate is exposed to 
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silicon hydride gas at a temperature of about 40° C and a pressure of 
about 44 p.s.i.g., and then the temperature is raised to about 355° C. 

The substrate is also preferably isolated in an inert atmosphere 
before functionalizing the coated substrate with a substitute unsaturated 
hydrocarbon. The substrate is functionalized at a pressure between 
about 0.01 p.s.i.a. to about 200 p.s.i.a. and a temperature between about 
200° and 500° C for about 30 minutes to about 24 hours. More 
preferably, the substrate is exposed to the binding reagent at a 
temperature less than about 100°C, and then the temperature is increased 
to between 250° and 500° C while the pressure is maintained less than 
about 100 p.s.i.a. 

The method may include the step of quenching residual silicon 
radicals in the hydrogenated amorphous silicon coating either before or 
after the hydrosilylation step. In this step, the substrate is isolated in an 
inert atmosphere before quenching the residual silicon radicals in the 
silicon coating. Preferably, the substrate is quenched exposing the 
substrate to organosilanes, amines, or known radical scavengers under 
elevated pressure and temperature for a predetermined length of time to 
cause thermal disproportionation. The substrate is quenched at a 
temperature between about 250° and 500° C for about 30 minutes to 
about 24 hours. 

The method may also include the step of exposing the substrate to 
oxygen prior to or contemporaneous with the hydrosilylation step. In 
one embodiment, up to about 5% by weight oxygen is mixed with said 
binding reagent. In another embodiment, the substrate is exposed to 
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100% oxygen or mixtures of oxygen in other gases at a temperature of 
about 100° to 450° C for a few seconds to about 1 hour prior to 
hydrosilylating. More preferably, the substrate is exposed to zero air at 
about 25 p.s.i.g. and about 325° C for about 1 minute. 

Brief Description of the Drawings 

Fig. 1 is a schematic illustration of a substrate treated in 
accordance with the present invention. 

Descri ptioD nf Preferred Embodim ents of the Invention 

The invention disclosed herein comprises a primary treatment 
step, followed by further steps of hydrogenated amorphous silicon 
functionalization. These additional processes include the reaction types 
of hydrosilylation, disproportionation and radical quenching. 

The process of the present invention utilizes elevated 
temperatures and inert atmospheres. The substrate or surface to be 
treated must be isolated in a system which permits the flow of gases via 
pressure and vacuum, and within a heat source, such as an oven. For 
example, the surface to be treated could be within a steel vessel with 
tubing connections to allow gas flows. Depending on the cleanliness of 
the substrate, it may be cleaned initially by heating it under air 
atmosphere at a temperature between aboutl00°C and about 600°C for a 
time period ranging from a few minutes to about 15 hours, better yet 
about 0.5 to about 15 hours. In a preferred embodiment, the substrate is 
cleaned at about 120°C for aboutl hour. After this oxidation step, the 
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atmosphere within the vessel is made inert by flushing the vessel with an 
inert gas and applying a vacuum. The substrate may also be cleaned 
with an appropriate liquid or supercritical fluid solvent. 

After the substrate is cleaned and the vessel is evacuated, the 
substrate is exposed to silicon hydride gas (SiH 4 , Si n H 2n+2 ) under 
elevated pressure and temperature for a predetermined period of time. 
Silicon hydride gas is introduced into the vessel at a pressure between 
about 0.01 pounds per square inch absolute (psia) and about 200 pounds 
per square inch gauge pressure (psig). The silicon gas may be 
introduced into the vessel at low pressure and an elevated temperature, 
such as 2.5 p.s.i.a. and 400°C. Alternatively, the silicon gas may be 
introduced at a moderate pressure and low temperature, such as 44 
p.s.i.g. and 40°C, and then ramped to a high temperature such as 355°C. 
In either case, the substrate should be exposed to silicon hydride gas at 
an elevated temperature from about 200° to about 600° C, better yet 
between about 300° and 600°C, and preferably from about 350° to 
400°C for an extended period of time. The exposure time of the 
substrate to silicon hydride gas may range from 10 minutes to 24 hours, 
preferably between about 30 minutes and about 6 hours, and typically 
about 4 hours. A preferred temperature is 35 0°C-400°C for 4 hours. 

In the presence of heat, the silicon hydride gas thermally 
dissociates to form silane radicals which recombine and bind to the 
substrate surface. The resultant coating is hydrogenated amorphous 
silicon which has Si-Si, Si-H, and Si* (radical) moieties on the surface 
and in the bulk. 
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The time, pressure and temperature of the silicon hydride gas 
exposure step will vary depending on the chemical properties of the 
substrate. The time, pressure and temperature must be controlled to 
avoid undesirable by-products of the exposure step. For example, if the 
5 pressure and temperature are too high, or if the substrate is exposed to 

silicon gas for too long a time period, undesirable hydrogenated 
amorphous silicon dust may form on the substrate. Minimization of dust 
formation is unique to the vessel type, substrate type and substrate 
surface area. If the pressure or temperature is too low, or if the exposure 

1 o step is too short, no silicon coating will form, or an inhomogeneous 

coating of hydrogenated amorphous silicon will form. Optimization of 
the silane deposition process (dust minimization and uniform film 
deposition) is achieved through pressure, temperature and time 
variations for each unique process. 
1 5 After the hydrogenated amorphous silicon deposition process is 

complete, the system is purged with an inert gas to remove silane 
moieties not bound to the substrate surface. After the inert gas purge, 
the vessel is evacuated. A binding agent is then introduced into the 
vessel under elevated temperature and pressure. With heat as a driving 

2 o force, the reagent reacts with and binds to the hydrogenated amorphous 

silicon surface via silicon hydride moieties. 

The reagent used determines the physical properties displayed by 
the newly functionalized surface. Surface properties of the substrate can 
be tailored for a wide variety of functions depending on the reagent used 
25 in the process. The binding reagent must have at least one unsaturated 




hydrocarbon group (Le,, -CH=CH 2 or -OCH). The reagent may be 
further comprised of hydrocarbons, substituted hydrocarbons, carbonyls, 
carboxyls, esters, amines, amides, sulfonic acids, and epoxides. 

A preferred binding reagent is ethylene. The binding agent is 
introduced into the vessel at a pressure range of about 0.01 to about 200 
p.s.i.a. The binding agent is preferably introduced into the vessel at a 
temperature less than about 100° C. For example, in one embodiment, 
the binding agent is introduced into the vessel at less than about 100° C 
and about 25 p.s.i.g. 

After the binding agent is introduced into the vessel, the 
temperature of the reagent is raised to about 200° to about 500° C, better 
yet up to about 250° to about 500° C. Preferably, the increased reaction 
pressure is less than about 200 p.s.i.a., better yet less than about 100 
p.s.i.a. For example, in one embodiment, the reaction temperature is 
about 360° C. The reaction time varies from 30 minutes to 24 hours, but 
typically lasts about 4 hours. 

The presence of oxygen mixed at low levels (0-5%) with 
ethylene, or an oxygenation step (100% oxygen or mixtures of oxygen in 
other gases) prior to hydrosilylating the substrate, has also shown to 
assist the deactivation qualities of the hydrogenated amorphous silicon 
surface. If the process employs an oxygen/ethylene gas mixture, a 
typical ratio is 2.5% zero air (a nitrogen/oxygen mix) in ethylene. If an 
oxygenation step is used prior to hydrosilylation (ethylene bonding), the 
process includes flushing the surface with oxygen/oxygen-containing 
mixtures at high temperatures, about 100 to about 450° C, for a period of 




time ranging from a few seconds to about 1 hour. A typical 
preoxygenation step involves flushing the surface with zero air at about 
25 p.s.i.g. for about 1 minute at 325°C. 

Surface defects in the hydrogenated amorphous silicon surface, 
also known as "dangling bonds" or silicon radicals, may create 
undesirable secondary reactions between the surface and other 
compounds if left untreated. Quenching of residual radicals is achieved 
by thermal disproportionation of organosilanes (e^g., SiR^R^, 
amines ( e.g. . NRjRjR^) or known radical scavengers (e^ BHT, 
hydroquinone, reducing agents, thiols), where R M =H, alkyl, alkenyl, 
aryl, halogen, amine, organosilyl). One example is 
phenylmethylvinylsilane. This process may be employed prior to or 
subsequently after reacting the hydrogenated amorphous silicon with a 
terminally unsaturated hydrocarbon. Ranges of reaction time and 
temperature are 250°C-500°C and 30 minutes to 24 hours. 

Examples of applications for this invention are, but not limited to, 
the passivation and/or modification of solid supports, transfer lines, inlet 
systems, detector systems, columns, etc. used in chromatographic 
analyses, and the passivation and enhancement of corrosive resistivity of 
metal surfaces. 

EXAMPLES 

The following examples are provided to further illustrate the 
invention. 
Example 1 
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Borosilicate inlet liners are used in gas chromatography 
instruments as the area of sample introduction and transfer on to a gas 
chromatography column. Since raw borosilicate glass has an active 
surface and is adsorptive to many compounds, it is typically deactivated 
through a silanization process. Standard silanizations give a relatively 
inert surface, but do not allow for universal inertness to acidic and basic 
compounds ( e.g. , carboxylic acids and amines). Some liners work well 
for acidic compounds and fewer types work well for basic compounds. 
The current invention provides a surface which will prevent the 
adsorption of acidic and basic compounds to the inlet liner surface. 

Borosilicate inlet liners are packed into a stainless steel vessel 
which is sealed and connected to inlet and outlet tubing. The tubing is 
passed through the ceiling of an oven and connected to two separate 
manifolds through which gases and vacuum can be applied to the vessel 
via valve systems. With atmospheric pressure air in the vessel, the 
vessel temperature is increased to 120°C and held for 1 hour. At the end 
of 1 hour, the vessel environment is made inert by a nitrogen purge and 
applied vacuum. The vessel is heated to 400°C. After evacuation of the 
vessel, 100% silane gas (SiH 4 ) is introduced at 2.5 psia. The 
temperature is held at 400°C for 4 hours during which a hydrogenated 
amorphous silicon layer is deposited on the borosilicate glass. The 
temperature is then decreased to 360°C followed by a nitrogen purge of 
the remaining unreacted silane gas. The vessel environment is again 
made inert by nitrogen purge and applied vacuum. After evacuation of 
the vessel at 360°C, ethylene gas is introduced at 25 psig and 360°C is 




held for 4 hours. Ethylene then bonds via the Si-H surface moieties to 
form an Si-ethyl surface. Unreacted ethylene is then purged out with 
nitrogen and the vessel environment is made inert by nitrogen purge and 
applied vacuum. If radical quenching is necessary, 
phenylmethylvinylsilane vapor is introduced at 360°C and 1 6 psia, and 
that temperature is held for 4 hours. Unreacted phenylmethylvinylsilane 
is then purged out with nitrogen as the oven is cooled down to room 
temperature. 
Example 2 

Uncoated fused silica capillary columns are used in gas 
chromatography instruments as an inert transfer line from the inlet liner 
to the coated fused silica capillary analytical column. Since raw fused 
silica glass has an active surface and is adsorptive to many compounds, 
it is typically deactivated through a silanization process. Standard 
silanizations give a relatively inert surface, but do not allow for 
universal inertness to acidic and base compounds (e.g. . carboxylic acids 
and amines). Some deactivated fused silica columns work well for 
acidic compounds and fewer types work well for basic compounds. 
Also, typical deactivations are not resistive to repetitive subjection to 
caustic environments. The current invention provides a surface on a 
fused silica capillary which will prevent the adsorption of acidic and 
basic compounds, as well as resist degradation by caustic environments. 

Fused silica capillary tubing is coiled and tied in 30m lengths, 
and its end are passed through the ceiling of an oven and connected to 
two separate manifolds through which gases and vacuum can be applied 



SUBSTITUTE SHEET (RULE 26) 




via valve systems. The inherent internal cleanliness of fused silica 
tubing does not require an oxidative cleaning step. The inside of the 
tubing is made inert by a nitrogen purge and applied vacuum. After 
evacuation of the tubing, 100% silane gas (SiH 4 ) is introduced at 60 
psig. The temperature is ramped to 350°C and held for 4 hours during 
which a hydrogenated amorphous silicon layer is deposited on the inside 
of the capillary. The temperature is then decreased to 40°C followed by 
a nitrogen purge of the remaining unreacted silane gas. The tubing is 
again made inert by nitrogen purge and applied vacuum. After 
evacuation of the tubing, ethylene gas is introduced and equilibrated 
throughout at 25 psig, and the temperature is ramped 360°C and held 
for 4 hours. Ethylene then bonds via the Si-H surface moieties to from 
an Si-ethyl surface. The temperature is then decreased to 40°C and 
unreacted ethylene is purged out with nitrogen. The tubing is made inert 
by nitrogen purge and applied vacuum. If radical quenching is 
necessary, phenylmethylvinylsilane vapor is introduced at 1 6 psia 
followed by a thermal treatment at 360°C for 4 hours. Unreacted 
phenylmethylvinylsilane is then purged out with nitrogen as the oven is 
cooled down to room temperature. 
Example 3 

It is desirable to use steel vessels to store low levels of sulfur 
compounds such as hydrogen sulfide and mercaptans. Steel is highly 
adsorptive to these compounds, and therefore is not considered an 
appropriate storage media for low parts per billion concentrations. The 
current invention provides a surface which will prevent the adsorption of 
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low-level sulfur compounds to the steel vessel surface. 

Steel vessels are packed in to a large stainless steel containment 
vessel which is sealed and connected to inlet and outlet tubing. The 
tubing is passed through the ceiling of an oven and connected to two 
separate manifolds through which gases and vacuum can be applied to 
the vessel via valve systems. With atmospheric pressure air in the 
vessel, the vessel temperature is increased to 120°C and held for 1 hour. 
At the end of 1 hour, the vessel environment is made inert by a nitrogen 
purge and applied vacuum. The vessel is heated to 400°C. After 
evacuation of the vessel, 100% silane gas (SiH 4 ) is introduced at 2.5 
psia. The temperature is held at 400°C for 4 hours during which a 
hydrogenated amorphous silicon layer is deposited. The temperature is 
then decreased to 360°C followed by a nitrogen purge of the remaining 
unreacted silane gas. The containment vessel environment is again 
made inert by nitrogen purge and applied vacuum. After evacuation at 
360°C, ethylene gas is introduced at 25 psig and 360°C is held for 4 
hours. Ethylene then bonds via the Si-H surface moieties to form an Si- 
ethyl surface. Unreacted ethylene is then purged out with nitrogen and 
the containment vessel environment is made inert by nitrogen purge and 
applied vacuum. If radical quenching is necessary, 
phenylmethylvinylsilane vapor is introduced at 360°C and 16 psig, and 
that temperature is held for 4 hours. Unreacted phenylmethylvinylsilane 
is then purged out with nitrogen as the oven is cooled down to room 
temperature. 
Example 4 
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Borosilicate inlet liners are used in gas chromatography 
instruments as the area of sample introduction and transfer on to a gas 
chromatography column. Since raw borosilicate glass has an active 
surface and is adsorptive to many compounds, it is typically deactivated 
through a silanization process. Standard silanizations give a relatively 
inert surface, but can cause the chemical breakdown of unstable 
compounds and do not allow for universal inertness to acidic and basic 
compounds ( e.g. . carboxylic acids and amines). Some liners work well 
for acidic compounds and fewer types work well for basic compounds. 
The current invention provides a surface which will prevent the 
adsorption of acidic and basic compounds to the inlet liner surface. 

Borosilicate inlet liners are packed into a stainless steel vessel 
which is sealed and connected to inlet and outlet tubing. The tubing is 
passed through the ceiling of an oven and connected to two separate 
manifolds through which gases and vacuum can be applied to the vessel 
via valve systems. Depending on the cleanliness of the liners, an 
oxidated cleaning step can be employed. With atmospheric pressure air 
in the vessel, the vessel temperature is increased to 120°C and held for 1 
hour. At the end of 1 hour, the vessel environment is made inert by a 
nitrogen purge and applied vacuum. The vessel is heated to 400°C. 
After evacuation of the vessel, 100% silane gas (SiH 4 ) is introduced at 
2.5 psia. The temperature is held at 400°C for 4 hours during which a 
hydrogenated amorphous silicon layer is deposited on the borosilicate 
glass. A nitrogen purge is introduced, followed by a temperature 
decrease to less than about 100° C. The vessel environment is again 
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made inert by nitrogen purge and applied vacuum. After evacuation of 
the vessel, ethylene gas with 2.5% zero air is introduced at 8 p.s.i.g. The 
temperature is then increased to almost 355° C and is held for about 4 
hours. Ethylene then bonds via the Si-H surface moieties to form an Si- 
ethyl surface. After cooling, unreacted ethylene is then purged out with 
nitrogen and the vessel environment is made inert by nitrogen purge and 
applied vacuum. If radical quenching is necessary, 
phenylmethylvinylsilane vapor is introduced at 360°C and 16 psia, and 
that temperature is held for 4 hours. Unreacted phenylmethylvinylsilane 
is then purged out with nitrogen as the oven is cooled down to room 
temperature. 
Example 5 

Uncoated fused silica capillary columns are used in gas 
chromatography instruments as an inert transfer line from the inlet liner 
to the coated fused silica capillary analytical column. Since raw fused 
silica glass has an active surface and is adsorptive to many compounds, 
it is typically deactivated through a silanization process. Standard 
silanizations give a relatively inert surface, but can still cause the 
chemical breakdown of certain active components, and do not allow for 
universal inertness to acidic and base compounds (e^g., carboxylic acids 
and amines). Deactivated fused silica columns do not always have a 
desired level of inertness, and although some deactivated fused silica 
columns work well for acidic compounds, few types work well for basic 
compounds. Also, typical deactivations are not resistive to repetitive 
subjection to caustic environments. The current invention provides a 
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surface on a fused silica capillary which will prevent the adsorption of 
acidic and basic compounds, as well as resist degradation by caustic 
environments. 

Fused silica capillary tubing is coiled and tied in 120m lengths, 
and its end are passed through the ceiling of an oven and connected to 
two separate manifolds through which gases and vacuum can be applied 
via valve systems. The inherent internal cleanliness of fused silica 
tubing does not require an oxidative cleaning step. The inside of the 
tubing is made inert by a nitrogen purge and applied vacuum. After 
evacuation of the tubing, 100% silane gas (SiH 4 ) is introduced at 60 
psig. The temperature is ramped to about 350°C and held for 4 hours 
during which a hydrogenated amorphous silicon layer is deposited on 
the inside of the capillary. The remaining silane gas is purged out with 
nitrogen followed by decreasing the oven temperature to less than about 
100° C. The tubing is again made inert by nitrogen purge and applied 
vacuum. After evacuation of the tubing, a mixture of 2.5% air in 
ethylene gas is introduced and equilibrated throughout at 30 p.s.i.g., and 
the temperature is ramped to about 355° C and held for about 4 hours. 
Ethylene then bonds via the Si-H surface moieties to form an Si-ethyl 
surface. The temperature is then decreased to less than about 100° C 
and unreacted ethylene is purged out with nitrogen. The tubing is made 
inert by nitrogen purge and applied vacuum. If radical quenching is 
necessary, phenylmethylvinylsilane vapor is introduced at 16 p.s.i.a. 
followed by a thermal treatment at 360°C for 4 hours. Unreacted 
phenylmethylvinylsilane is then purged out with nitrogen as the oven is 
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cooled down to room temperature. 
Example 6 

It is desirable to use steel vessels to store low levels of sulfur 
compounds such as hydrogen sulfide and mercaptans. Steel is highly 
adsorptive to these compounds, and therefore is not considered an 
appropriate storage media for low parts per billion concentrations. The 
current invention provides a surface which will prevent the adsorption of 
low-level sulfur compounds to the steel vessel surface. 

Steel vessels are packed into a large stainless steel containment 
vessel which is sealed and connected to inlet and outlet tubing. The 
tubing is passed through the ceiling of an oven and connected to two 
separate manifolds through which gases and vacuum can be applied to 
the vessel via valve systems. If an oxidative cleaning step is required, 
the vessel temperature is increased to 120°C with atmospheric pressure 
air in the vessel and held for 1 hour. At the end of 1 hour, the vessel 
environment is made inert by a nitrogen purge and applied vacuum. The 
vessel is heated to 400°C. After evacuation of the vessel, 100% silane 
gas (SiH 4 ) is introduced at 2.5 p.s.i.a. The temperature is held at 400°C 
for 4 hours during which a hydrogenated amorphous silicon layer is 
deposited. Remaining silane gas is purged out with nitrogen followed 
by a reduction in temperature to less than about 100° C. The 
containment vessel environment is again made inert by nitrogen purge 
and applied vacuum. After evacuation at less than about 100° C, 
ethylene gas is introduced at 25 p.s.i.g. and the temperature is ramped to 
about 360°C is held for 4 hours. Ethylene then bonds via the Si-H 
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surface moieties to form an Si-ethyl surface. After cooling to less than 
about 100° C, unreacted ethylene is then purged out with nitrogen and 
the containment vessel environment is made inert by nitrogen purge and 
applied vacuum. If radical quenching is necessary, 
phenylmethylvinylsilane vapor is introduced at 360°C and 16 psig, and 
that temperature is held for about 4 hours. Unreacted 
phenylmethylvinylsilane is then purged out with nitrogen as the oven is 
cooled down to room temperature. 
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CLAIMS 



1 . Method of modifying the surface properties of a substrate, 
comprising the steps of: 

a) depositing a coating of hydrogenated amorphous silicon on the 
surface of the substrate; 

b) functionalizing the coated substrate by exposing the substrate 
to a binding reagent having at least one unsaturated hydrocarbon group 
at a predetermined pressure and elevated temperature for a 
predetermined length of time. 

2. The method recited in claim 1, wherein said hydrogenated 
amorphous silicon coating is deposited by exposing the substrate to 
silicon hydride gas at a predetermined pressure and elevated temperature 
for a predetermined length of time. 

3. The method recited in claim 2, including the step of isolating 
the substrate in an inert atmosphere before exposing the substrate to 
silicon hydride gas. 

4. The method recited in claim 1, including the step of isolating 
the substrate in an inert atmosphere before functionalizing the coated 
substrate through hydrosilylation. 

5. The method recited in claim 1, including the step of 
quenching residual silicon radicals in the hydrogenated amorphous 
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silicon coating either before or after flinctionalizing the coated surface. 



6. The method recited in claim 5, including the step of isolating 
the substrate in an inert atmosphere before quenching the residual silicon 
radicals in the silicon coating. 

7. The method recited in claim 6, said quenching step comprising 
exposing the substrate to organosilanes, amines, or known radical 
scavengers under elevated pressure and temperature for a predetermined 
length of time to cause thermal disproportionation. 

8. The method recited in claim 7, including quenching the 
substrate at a temperature between about 250° and 500° C for about 30 
minutes to about 24 hours. 

9. The method recited in claim 1, including the step of exposing 
the substrate to oxygen prior to or contemporaneous with functionalizing 
the substrate. 

10. The method recited in claim 1, including the step of 
controlling the pressure, temperature and time of step (a) to prevent 
formation of hydrogenated amorphous silicon dust. 



11. The method recited in claim 1, including cleaning the 
substrate by heating it at a temperature between about 100° and about 
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600° C for a time period ranging from a few minutes to about 15 hours 
before step (a). 

12. The method recited in claim 1 1, including cleaning the 
substrate at about 120° C for about 1 hour. 

13. The method recited in claim 1, including exposing the 
substrate to silicon hydride gas at a pressure between about 0.01 p.s.i.a. 
to about 200 p.s.i.g. and a temperature between about 200° and 600° C 
for about 10 minutes to about 24 hours. 

14. The method recited in claim 1, including exposing the 
substrate to silicon hydride gas at a pressure between about 1.0 p.s.i.a. 
and about 100 p.s.i.a. and a temperature between about 300° and 600° C 
for about 30 minutes to about 6 hours. 

15. The method recited in claim 1, including exposing the 
substrate to silicon hydride gas at a temperature between about 350° and 
about 400° C for about 4 hours at a pressure between about 2.3 p.s.i.a. 
and about 95 p.s.i.a. 

16. The method recited in claim 1, including exposing the 
substrate to silicon hydride gas at a temperature of about 400° C and 
pressure of about 2.5 p.s.i.a. 
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17. The method recited in claim 1, including exposing the 
substrate to silicon hydride gas at a temperature of about 40° C and a 
pressure of about 44 p.s.i.g., and then increasing the temperature to 
about 355° C. 



5 1 8. The method recited in claim 1 , including hydrosilylating the 

substrate at a pressure between about 0.01 p.s.i.a. to about 200 p.s.i.a. 
and a temperature between about 200° and 500° C for about 30 minutes 
to about 24 hours. 



19. The method recited in claim 1 8, including initially exposing 
10 the substrate to the binding reagent at a temperature less than about 

100°C, and then increasing the temperature between 250° and 500° C 
and maintaining the pressure less than about 100 p.s.i.a. 

20. The method recited in claim 9, including mixing up to about 
5% by weight oxygen with said binding reagent. 



15 21. The method recited in claim 9, including exposing the 

substrate to 100% oxygen or mixtures of oxygen in other gases the 
substrate at a temperature of about 100° to 450° C for a few seconds to 
about 1 hour prior to hydrosilylating. 
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22. The method recited in claim 21, including exposing the 
substrate to zero air at about 25 p.s.i.g. and about 325° C for about 1 



24 



minute. 



23. Method of modifying the surface properties of a substrate, 
comprising the steps of: 

a) depositing a coating of hydrogenated amorphous silicon on the 
surface of the substrate; 

b) functionalizing the coated substrate by exposing the substrate 
to a binding reagent having at least one unsaturated hydrocarbon group 
under a predetermined pressure and elevated temperature for a 
predetermined length of time 

wherein said hydrogenated amorphous silicon coating is 
deposited by exposing the substrate to silicon hydride gas under a 
predetermined pressure and elevated temperature for a predetermined 
length of time; 

including the step of isolating the substrate in an inert atmosphere 
before exposing the substrate to silicon hydride gas; 

including the step of isolating the substrate in an inert atmosphere 
before functionalizing the coated substrate through hydrosilylation; 

including the step of quenching residual silicon radicals in the 
hydrogenated amorphous silicon coating either before or after 
functionalizing the coated surface through hydrosilylation; 

including the step of isolating the substrate in an inert atmosphere 
before quenching the residual silicon radicals in the silicon coating; 

said quenching step comprising exposing the substrate to 




organosilanes, amines, or known radical scavengers under elevated 
pressure and temperature for a predetermined length of time to cause 
thermal disproportionation; 

including quenching the substrate at a temperature between about 
250° and 500° C for about 30 minutes to about 24 hours; 

including the step of exposing the substrate to oxygen prior to or 
contemporaneous with the fimctionalizing the substrate; 

including the step of controlling the pressure, temperature and 
time of step (a) to prevent formation of hydrogenated amorphous silicon 
dust; 

including cleaning the substrate by heating it at a temperature 
between about 100° and about 600° C for a time period ranging from a 
few minutes to about 1 5 hours before step (a); 

including cleaning the substrate at about 120° C for about 1 hour; 

including exposing the substrate to silicon hydride gas at a 
pressure between about 0.01 p.s.i.a. to about 200 p.s.i.g. and a 
temperature between about 200° and 600° C for about 10 minutes to 
about 24 hours; 

including exposing the substrate to silicon hydride gas at a 
pressure between about 1.0 p.s.i.a. and about 100 p.s.i.a. and a 
temperature between about 300° and 600° C for about 30 minutes to 
about 6 hours; 

including exposing the substrate to silicon hydride gas at a 
temperature between about 350° and about 400° C for about 4 hours and 
a pressure between about 2.3 p.s.i.a. and 95 p.s.i.a.; 




including exposing the substrate to silicon hydride gas at a 
temperature of about 400° C and pressure of about 2.5 p.s.i.a.; 

including exposing the substrate to silicon hydride gas at a 
temperature of about 40° C and a pressure of about 44 p.s.i.g., and then 
increasing the temperature to about 355° C; 

including functionalizing the substrate at a pressure between 
about 0.01 p.s.i.a. to about 200 p.s.i.a. and a temperature between about 
200° and 500° C for about 30 minutes to about 24 hours; 

including initially exposing the substrate to the binding reagent at 
a temperature less than about 100°C, and then increasing the 
temperature between 250° and 500° C and maintaining the pressure less 
than about 100 p.s.i.a.; 

including mixing up to about 5% by weight oxygen with said 
binding reagent; 

including exposing the substrate to 100% oxygen or mixtures of 
oxygen in other gases the substrate at a temperature of about 100° to 
450° C for a few seconds to about 1 hour prior to hydrosilylation; and, 

including exposing the substrate to zero air at about 25 p.s.i.g. 
and about 325° C for about 1 minute. 

24. A substrate having modified surface properties, said substrate 
having a first layer of hydrogenated amorphous silicon, and a second 
layer of organic groups covalently bonded by the hydrosilylation of an 
unsaturated moiety within said organic group. 
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25. The substrate recited in claim 24, said first layer having been 
formed by depositing a coating of hydrogenated amorphous silicon on 
the surface of the substrate, and said second layer having been formed 
by fimctionalizing the coated substrate by exposing the substrate to a 
binding reagent having at least one unsaturated hydrocarbon group at a 
predetermined pressure and elevated temperature for a predetermined 
length of time. 



26. The substrate recited in claim 1, said hydrogenated 
10 amorphous silicon coating having been deposited by exposing the 

substrate to silicon hydride gas at a predetermined pressure and elevated 
temperature for a predetermined length of time. 



1/1 



PCT/US00/05515 




bonded 
ethyl groups 



hydrogenoted amorphous silicon 



Substrate 



FIG. I 



INTERNATIONAL SEARCH REPORT 



A. CLAi :*FICATIONl^mJBJECr MATTER 

IPC(/) :B01J 31/02, 20/10^08L 83/05: B32B 5/02 
US CL :252/430; 502/158: 525/101: 428/323 
According to International Patent Classification (IPC) or to both national classification and IPC 



International application No. 
PCT/US0O/05515 



FIELDS SEARCHED 



Minimum documentation searched (classification system followed by classification symbols) 
U.S. : 252/430; 502/158; 525/101; 428/323 



Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched 



Electronic data base consulted during the international search (name of data base and, where practicable, search terms used) 



DOCUMENTS CONSIDERED TO BE RELEVANT 



Category' 



Citation of document, with indication, where appropriate, of the relevant passages 



Relevant to claim No. 



x 

Y 
Y 



US 5,017,540 A (Sandoval et al.) 21 May 1991 (21/05/91) See 
entire document. 



US 5,698,309 A (Dallmann etal.) 16 December 1997 (16/12/97) See 
entire document. 



US 5,672,660 A (Medsker et al.) 30 September 1997 (30/09/97) See 
entire document. 

US 3,956,179 A [SEBESTIAN et al.] 11 May 1976, (11/05/76) See 
entire document. 



1-4 

5-26 

1-26 



1-26 



1-26 



| 1 Further documents are listed in the continuation of Box C. £ j See patent family annex. 



A" 



E- 
"L" 



Special categories of cited documents: 

document defining the general state of the art which is not considered 
to be of particular relevance 

earlier document published on or after the international filing date 

document which may throw doubts on priority claim(s) or which is 
cited to establish the publication date of another citation or other 
special reason (as specified) 

document referring to an oral disclosure, use. exhibition or other 
means 

document published prior to the international filing date but later than 
the priority date claimed 



later document published after the international filing date or priority 
date and not in conflict with the application but cited to understand 
the principle or theory underlying the invention 

document of particular relevance; the claimed invention cannot be 
considered novel or cannot be considered to involve an inventive step 
when the document is taken alone 

document of particular relevance; the claimed invention cannot be 
considered to involve an inventive step when the document is 
combined with one or more other such documents, such combination 
being obvious to a person skilled in the art 

document member of the same patent family 



Date of the actual completion of the international search 



25 MAY 2000 



Date of mailing of the international search report 



21JUNZO00 



Name and mailing address of the ISA/US 
Commissioner of Patents and Trademarks 
Box PCT 

Washington, D.C. 20231 
Facsimile No. (703) 308- 7722 



Authorized officer 



. IGWE U. ANYA j )\jX. fiu , 
Telephone No. (703) 308- 3549 J 



Form PCT/ISA/210 (second sheet) (July 1998)* 



